Relation of transport current and n-value to collective crack-induced current shunting in BSCCO (Bi2223) multi-filamentary composite tape pulled in tension was studied experimentally and analytically. For analysis, the partial crack-current shunting model of Fang et al. was used by placing the collective crack as the partial one. It was shown that (a) collective crack-induced shunting current increases with increasing current (and voltage) and with increasing collective crack size, (b) the transport current normalized with respect to the transport current in noncracked state is described with the modified ratio of non-cracked area to overall cross-sectional area of superconducting filaments at low voltage where shunting current is low, while it deviates upward from the modified ratio at high voltage where the shunting current is enhanced, and (c) the enhanced shunting current acts to reduce n-value at high voltage. These features were similar to those of cracked coated conductor.
Introduction
Concerning the cracking behavior of Bi 2 Sr 2 Ca 2 Cu 3 O 10+x (Bi2223) multi-filamentary composite tape under applied tensile stress, the following features, schematically shown in Fig. 1 , have been observed. 1, 2) The extent of cracking varies along the tape length. Accordingly, when the sections S1 to S6 schematically shown in Fig. 1(a) are tested, the extent of cracking differs among the sections. The cracking of one filament gives stress concentration in the neighboring filaments, as has been known from the study on stress distribution in fiber-reinforced metals.
35) Accordingly, the neighboring filaments contact to a cracked filament tend to be cracked further. When the neighboring filaments are cracked, the stress concentration becomes further higher and the next neighboring filaments tend to be cracked in limited sections in advance of cracking of filaments in other sections. Examples of the filament-cracks in the Bi2223-sample used in this work are shown in Fig. 2 , which were observed in polished longitudinal cross-section of the stressed specimens. Some neighboring filaments are cracked successively nearly in the same cross-section, as stated above. In this way, the collective cracks (cracks composed of successively cracked filaments in a transverse cross-section) are formed in some sections in advance of other sections. Such a situation is schematically shown in Fig. 1(b) . The formation of the collective cracks observed in the sample used in this work has been observed also in other fabrication route Bi2223 tape. 1) It is also noted that the collective cracks are formed not only in Bi2223 tape but also in brittle filamentsductile matrix (stabilizer) composite tape such as Nb 3 Sn multi-filamentary conductor. 6) When V (voltage)I (current) curves are measured for many sections ( Fig. 1(b) ) with different damage extent to each other, they differ among the sections. In such a situation, the collective cracks in each section play a dominant role in determination of VI curve. Due to the highly oriented microstructure of Bi2223 filaments with c-plane parallel to tensile direction, 1) not only the transverse but also the longitudinal cracking occurs through the cleavage of c-plane Fig. 1 Schematic representation of (a) a Bi2223 tape sample constituting of sections (S1 to S6) and (b) cracking process and its difference among sections. In the present work, VI curves were measured for the sections S1 to S6 shown in (a) where the figures "1" to "7" refer to the voltage probes for measurement of VI curves (details of experimental procedure are shown in Section 2).
within a filament. As a result, the cracking progresses in a zigzag manner in each filament due to the alternative occurrence of transverse and longitudinal crack extension.
2)
Such a zigzag cracking in filaments was found also in the present Bi2223 sample (Fig. 2 ) and hence the crack path in each filament is drawn in a zigzag manner in Fig. 1(b) . In our preceding works, 7, 8) the influence of cracking of superconducting layer on voltage (V)current (I) curve, current at V = 1, 5 and 10 µV/cm and n-value in the DyBCO coated conductor was studied by using the crackinduced current shunting model of Fang et al. 9) Concerning the relation of shunting current to current and n-value, the following features were found. (1) The shunting current increases with increasing transport current and with increasing crack size. ( 2) The transport current of cracked sample normalized with respect to the transport current in non-cracked state is almost proportional to the modified ratio of non-cracked area to overall cross-sectional area of superconducting layer at low voltage such as 1 µV/cm where shunting current is low. (3) At high voltages such as 5 and 10 µV/cm where the shunting current is enhanced, the normalized current deviates upward from the modified ratio of non-cracked area. (4) The increase in shunting current with transport current (and voltage) leads to decrease in n-value. This phenomenon is enhanced by crack extension.
As shown above, collective cracks ( Fig. 2 ) are formed in filamentary conductor. While the geometry of collective cracks in filamentary conductor is different to that of the cracks in coated conductor, 7, 8) the current-shunting mechanism under existent cracks is considered to be common in both filamentary and coated conductors. In the present work, the measured change in current transportability of Bi2223 filamentary composite tape with applied tensile stress was analyzed from the viewpoint of formation of collective cracks by applying the model of Fang et al.
9) The features (1)(4) mentioned above in coated conductor were also found for the present filamentary conductor. The procedure for analysis and the results for filamentary conductor are reported in this paper.
Experimental Procedure
The high critical current density type multifilamentary Bi2223 composite tape without twist, consisting of 55 Bi2223 filaments, Ag and AgLi alloy (sheath), 10) fabricated at American Superconductor Corporation (AMSC), was used for study. The width and thickness of the tape were 4.1 and 0.22 mm, respectively. The VI curves were measured for the sections (S1 to S6) in Fig. 1(a) , where seven voltage taps ("1" to "7") were attached to the tape surface with a distance of L = 1 cm between each of them. Due to the difference in cracking behavior, the strains of sections are different to each other but stress is common for all sections. Due to this reason, stress is used instead of strain as a measure of applied mechanical condition. The tensile stress · T was given stepwise to sample (· T = 0, 13.1, 31.7, 51.4, 69.9, 79.8, 85.0, 86.5 and 91.4 MPa).
By using the test piece shown in Fig. 1 (a), we measured VI curves of sections (S1 to S6) at each applied stress at 77 K in a self magnetic field. The VI curve was approximated by
where n and A are the fitting constants. The n-value was estimated as the n-index in eq. (1) for the voltage range of V = 0.110 µV, corresponding to 0.110 µV/cm in the present sample. Hereafter, the n-value estimated for this voltage range is noted as n(0.110 µV). The critical current I c was estimated at a critical voltage V = V c = LE c = 1 µV where E c (= 1 µV/cm in this work) is the voltage criterion for critical current.
Results and Discussion
3.1 Measured VI curves, critical currents (I c ) and n(0.110 µV)-values Solid curves in Fig. 3 show examples of the measured VI curves in logarithmic scale. The sections and applied stresses, where the curves "0" to "6" were measured, are listed in the caption. From the measured VI curves, the critical current I c and n(0.110 µV) were obtained and were plotted against applied stress · T , as shown in Figs. 4(a) and 4(b), respectively. The change in I c and n(0.110 µV) with applied stress · T in Fig. 4 differs among sections (S1 to S6), due to the difference in crack evolution. The following features, similar to the features of coated conductor, 8) are found in Figs. 3 and 4.
(1) The VI relation in non-cracked state (indicated by "0" in Fig. 3 ) is almost linear in logarithmic scale within the VI range investigated. On the other hand, the VI relation becomes to be curved and the curvature increases at high applied stresses ("4", "5" and "6"). This means that the n-value in eq. (1) varies with V (and I) under existence of cracks, though n(0.110 µV) can be estimated as the best fit n-index in eq. (1) Figure 5 shows a schematic representation of (a) current path and (b) simplified electrical circuit under existent collective cracks, based on the partial crack-current shunting model of Fang et al. 9) In the present approach, Bi2223 filaments are replaced by a single equivalent filament and the collective cracks existent in a section is replaced by a single equivalent partial crack. In the preceding works, 7, 8) we replaced the arrayed multiple cracks by a single equivalent crack in application of the model to coated conductor, since the shunting of current occurs in the same mechanism in both single and multiple cracks. We found that the experimental results were described well despite the replacement and the replacement is a useful tool for analysis of arrayed cracks with complex geometry that appear especially at high applied strain. Based on this finding, we use the simplified model also in this work. As shown later, the experimental results are well described by the present approach.
Model for analysis
In the transverse cross-section in which a partial crack exists in Fig. 5 , the cracked part corresponds to collective cracks that have lost superconductivity and ligament (noncracked) part corresponds to surviving filaments that keep superconductivity. We define the ratio of cross-sectional area of cracked part to the total cross-sectional area of the tape as f. The ligament part with an area ratio 1 ¹ f transports current I b through surviving Bi2223 filaments. At the cracked part with an area ratio f, current I s (= I ¹ I b ) shunts into Ag. In the shunting circuit, the resistances at the Bi2223-Ag interface and resistances in Ag are included in the total 3 Typical examples of (solid curves) measured VI curves and (dotted curves) back-calculated VI curves with the obtained values of ð1 À fÞðL=sÞ 1=n0 and R t . "0" refers to the VI curve of S2 at · T = 69.9 MPa where Bi2223 filaments are not cracked. "1", "2", "3", "4", "5" and "6" refer to the VI curves of S2 at · T = 79.8 MPa, S2 at · T = 85.0 MPa, S6 at · T = 86.5 MPa, S2 at · T = 86.5 MPa, S1 at · T = 91.6 MPa and S6 at · T = 91.6 MPa, respectively, where filaments are more or less cracked.
resistance R t (Fig. 5(b) ). The voltage, developed in the ligament part that transports current I b , is noted as V b in Fig. 5(b) . The voltage V s = I s R t , developed in the cracked part by shunting current I s , is equal to V b since the noncracked and cracked parts constitute of a parallel circuit. In a similar manner to our preceding works, 7, 8) we denote the distance between the voltage taps as L (= 1 cm in this work), crack width as s, critical current of non-cracked Bi2223 conductor as I c0 , and n(0.110 µV) value in noncracked state as n 0 . The VI relation of cracked sample is expressed as
Using eqs. (2) and (3), we can obtain the values of ð1 À fÞðL=sÞ 1=n 0 and R t by curve fitting to the measured VI curve, and, once they are estimated, the Bi2223 ligament part-transported current I b and shunting current I s can be obtained, as has been shown in the analysis of VI curves of coated conductor. 7, 8) For analysis of VI curves of cracked samples with eqs. (2) and (3), we needs the original critical current I c0 and original n-value, n 0 . In the present work, the values of I c and n(0.110 µV) at · T = 69.9 MPa just below the onset stress of cracking were used as I c0 and n 0 (I c0 = 157.3, 158.6, 158.7, 156.8, 156.8 and 157.2 A, and n 0 = 17.3, 16.8, 17.6, 16.3, 16.5 and 15.9 for S1, S2, S3, S4, S5 and S6, respectively).
Estimation of ð1 À fÞðL=sÞ
1=n 0 and R t The values of ð1 À fÞðL=sÞ 1=n 0 and R t of cracked S1 to S6 at · T = 79.8, 85.0, 86.5 and 91.4 MPa, obtained by fitting the experimentally measured VI curves (solid curves in Fig. 3 ) to eqs. (2) and (3) with the aforementioned values of I c0 and n 0 , are shown in Fig. 6 . To examine the reproducibility of VI curves with the obtained values of ð1 À fÞðL=sÞ 1=n 0 and R t , the VI curve at each · T was back-calculated by eqs. (2) and (3) with the obtained values. The VI curves were reproduced successfully, as shown with dotted curves in Fig. 3 . Also using the VI curves calculated with the obtained parameter values, we obtained the critical current I c and n(0.110 µV). The obtained values, together with experimental results, are shown in Figs. 7(a) and 7(b) . Also the measured and calculated correlation of n(0.110 µV) to I c are shown in Fig. 7(c) . The experimental results are reproduced well. The difference in I c value and that in n(0.110 µV) between the measured and calculated results were almost within 1 A and Fig. 6 Obtained values of (a) ð1 À fÞðL=sÞ 1=n0 and (b) R t in S1 to S6, plotted against applied tensile stress · T at which all S1 to S6 are cracked. almost within 1.5, respectively. The good agreement of calculation results with experimental results for VI curves (Fig. 3) , I c ( Fig. 7(a) ), n(0.110 µV) ( Fig. 7(b) ) and correlation of n(0.110 µV) to I c ( Fig. 7(c) ) indicates that the present approach can give a good description of VI behavior for filamentary conductors as well as for coated conductors. Figure 8(a) shows an example of the back-calculated VI curve and derived V s I curve with the obtained values of (I c0 , n 0 , ð1 À fÞðL=sÞ 1=n 0 , R t ) = (157.3 A, 17.3, 0.703, 0.45 µ³) from the data of S1 at · T = 86.5 MPa.
In Fig. 8(a) , the calculated V s values are read to be 0.997, and 9.65 µV at V = 1 and 10 µV, respectively. The ratios of V s (= V b ) to V, V s /V, are 0.997 and 0.965, respectively. The result of this example means that the contribution of the term E c LðI=I c0 Þ n 0 to total V is small (eq. (2)) and most voltage is generated at the cracked region. In the same way, the values of V s /V at V = 1 and 10 µV of S1 to S6 at each · T (² 79.8 MPa) were calculated and plotted against the corresponding current, as shown in Fig. 8(b) . The V s (= V b )/V values in lower current range refer to the data of more damaged samples at relatively higher applied stress · T and those in higher current range refer to the date of less damaged samples at relatively lower · T . The broken line shows the level of V s /V = 0.95. At both V = 1 and 10 µV, V s /V is higher than 0.95 for the current range of 0 < I < 130 A and 0 < I < 150 A, respectively, suggesting that V s /V is high in damaged samples except in very slightly cracked samples. This result means that the total voltage V in most of the cracked samples stems from the cracked region. Namely (2) and hence V b μ V in eq. (3) is held in wide range of extent of cracking. This tendency is similar that of coated conductors. 7, 8) The calculated I b I and I s I curves for the example in Fig. 8(a) are shown in Fig. 9(a) . In this example, the measured and calculated critical current values at V = 1 µV were 113.3 and 112.9 A, and those at V = 10 µV were 148.6 and 147.6 A, respectively. The measured current values at both V = 1 and 10 µV are well reproduced by calculation. As the measured and calculated current values are almost the same, only the calculated values are shown in Fig. 9(a) representatively. Shunting current I s is low at low I (and low V ), while the I b is on high level. The total transport current is almost determined by I b in low I (low V) range. On the other hand, I s increases largely beyond around I c (112.9 A) at V = 1 µV in contrast to the gradual increase in I b ; I s is low as 2.2 A at V = 1 µV but then increases to 21.1 A at V = 10 µV, while I b increases only by 4.6 A in the range of V = 1 to 10 µV. Accordingly, the ratio of I s to I, I s /I, increases from 0.019 at V = 1 µV to 0.143 at V = 10 µV. In the same way, the I s /I of cracked S1 to S6 at V = 1 and 10 µV at each · T (² 79.8 MPa) were calculated and plotted against corresponding current, as shown in Fig. 9(b) . Similarly to the V s (= V b )/V values in Fig. 8(b) , the I s /I values in lower current range refer to the data of more damaged samples at relatively higher · T and those in higher current range refer to the data of less damaged samples at relatively lower · T . The result in Fig. 9(b) indicates that (1) I s /I becomes larger in more severely cracked samples both at V = 1 and 10 µV, and (2) such a feature is enhanced at high V (10 µV). These features are also similar to those of the coated conductor. 7, 8) 3.5 Analysis of current at V = 1 and 10 µV as a function of ð1 À fÞðL=sÞ 1=n 0
The measured critical current I c at V = 1 µV (= 1 µV/cm) where I s /I is low (Fig. 9(b) ) has been reproduced well, as has been shown in Fig. 7(a) . In this subsection, the influence of shunting current I s on total current I is discussed by comparing the result at V = 1 µV where I s /I is low with that at V = 10 µV where I s /I is several to ten times higher than that at V = 1 µV.
As has been shown in subsection 3.4, V of cracked sample stems from V b (= V s ) in wide range of current. Under the condition of V μ V b , the current at V of cracked sample I(V), normalized with respect to the current I 0 (V) in non-cracked state at the same V, I(V)/I 0 (V) is expressed by, 7, 8) IðV Figure 10 shows the measured and calculated I(V)/I 0 (V) at V = 1 and 10 µV, plotted against ð1 À fÞðL=sÞ 1=n 0 . In the case of V = 1 µV, I 0 (V) is I c0 and I(V) is I c , and I s /I c0 is less than around 0.05 in the I c range of 30150 A (Fig. 9(b) ). Accordingly, I(1 µV)/I 0 (1 µV) is almost linear against ð1 À fÞðL=sÞ 1=n 0 , as shown in Fig. 10(a) . This result shows that the value of ð1 À fÞðL=sÞ 1=n 0 , obtained by curve fitting, can be used as a good approximation for I c /I c0 of cracked filamentary tape as well as for I c /I c0 of the cracked coated conductor. 7, 8) On the other hand, I(10 µV)/I 0 (10 µV) deviates upward from the linear relation due to the enhanced current shunting as shown in Fig. 10(b) , while the ð1 À fÞðL=sÞ 1=n 0 gives still fairly good description even at V = 10 µV. In this way, the contribution of shunting current to total transport current at high V can be distinguished by the upward deviation. This tendency is the same as that for coated conductor. 8) 
Analysis of variation of n-value
The measured n(0.110 µV) values and the calculated values of n(0.110 µV) with the ð1 À fÞðL=sÞ 1=n 0 and R t obtained by curve fitting have been shown in Fig. 7(b) . The experimental results of n(0.110 µV)-values estimated for a given voltage range of 0.1 to 10 µV were well reproduced by calculation. In this way, when the voltage range for determination of n-value in eq. (1) is fixed, n-value can be reproduced well by the present approach. However, it is noted n-value decreases with increasing current (voltage) due to increasing shunting current, as has been shown in our preceding work.
8) The n(0.110 µV)-values shown in Fig. 7(b) refer to a kind of average n-values in the range of V = 0.1 to 10 µV. In this subsection, the variation of n-value with current (voltage) is studied in detail.
The n-value for a very narrow VI range is expressed as n = @ ln(V)/@ ln(I), corresponding to the slope of VI curve in logarithmic scale in Fig. 3 . In the case of non-cracked state (example "0" in Fig. 3 ), the slope is almost constant within the VI range investigated. On the other hand, in the case of cracked samples (examples "1" to "6" in Fig. 3 ), their VI relations in logarithmic scale are not straight but curved. The slope tends to be smaller with increasing I (and V) due to current shunting. In this subsection, we estimate the n-value as the slope in the current range between I ¹ 1 and I + 1 (noted as n(I)). Figure 11 shows examples of variation of n(I)-value with current I. The example in Fig. 11(a) is taken from the data of S4 at · T = 86.5 MPa, whose measured I c and n(0.110 µV) were 138.5 A and 13.0, respectively. The example in Fig. 11(b) is taken from the data of S2 also at · T = 86.5 MPa, whose measured I c and n(0.110 µV) were 54.7 A and 7.6, respectively. Though the applied stress is common, I c and n(0.110 µV) are different between these examples due to the difference in crack evolution. Open circles show the measured values and solid curve shows the calculation result by eqs. (3) and (5) with the ð1 À fÞðL=sÞ 1=n 0 and R t values obtained by curve fitting. The measured variation of n(I)-value with I is successfully reproduced by calculation. In both examples, n(I)-value decreases sharply and then gradually with increasing current. It is noted that, though the shunting current is low in the region of low I below I c , n(I)-value decreases sharply. n(I)-value is very sensitive to shunting current and accordingly, shunting current cannot be ignored for estimation of n(I)-value in contrast to critical current that is not so sensitive to shunting current (I(1 µV)/I 0 (1 µV) μ ð1 À fÞðL=sÞ 1=n 0 in Fig. 10(a) ). This feature is the same as that of cracked coated conductor.
8) The measured n(0.110 µV)-values (13.0 and 7.6 for the examples in Figs. 11(a) and 11(b) , respectively) were kind of averages in the range of V = 0.1 to 10 µV. Though the measured n(0.110 µV)-values were reproduced well by calculation (Fig. 7(b) ), n(I)-value varies significantly with increasing current I. It was confirmed that the increase in shunting current causes reduction in n-value and such a phenomenon can be described well by the present approach. This feature of filamentary conductor is common to that of coated conductor. 8) As shown above, the obtained features of current transport in the cracked filamentary Bi2223 composite tape were similar to those in cracked coated conductors, demonstrating that the current transport behavior in filamentary composite tape can be described satisfactorily from the viewpoint of formation of collective cracks. with respect to the current in non-cracked state, is described by ð1 À fÞðL=sÞ 1=n 0 at low voltage due to low shunting current, while it becomes higher than ð1 À fÞðL=sÞ 1=n 0 at high voltage due to the enhanced shunting current. These features are similar to those of cracked coated conductor. ( 3) The shunting current increases with increasing current, especially when the transport current exceeds the critical current. The enhanced shunting current at high current (high voltage) acts to reduce the instantaneous n-value, n(I), estimated from the slope of VI curve between I ¹ 1 and I + 1. The measured decrease in n(I)-value with current was reproduced successfully by the present approach. The feature for n(I)-value to decrease with current in filamentary conductor is common to that in cracked coated conductor.
Conclusions

